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INLINE ION REACTION DEVICE CELL AND
METHOD OF OPERATION

RELATED APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 61/828,757, filed May 30, 2013,
the content of which 1s incorporated by reference herein in
its entirety.

FIELD

The within teachings are directed to 1on reaction devices
and methods of operations.

BACKGROUND

Ion reactions typically mvolve the reaction of either a
positively or negatively charged 1on with another charged
species, which can be another positively or negatively
charged 1on or an electron.

In electron mnduced dissociation, an electron 1s captured
by an 10n which can result in the fragmentation of the 10n.
Electron imnduced dissociation can be used as a technique to
dissociate bio-molecules in mass spectrometry (MS) though
it can also be utilized in other applications. These capabili-
ties cover a wide range of possible applications from regular
proteomics 1n Liquid chromatography-Mass spectrometer/
mass spectrometer to top down analysis (no digestion), de
novo sequencing (abnormal amino acid sequencing finding),
post translational modification study (glycosylation, phos-
phorylation, etc.), protein-protein interaction (functional
study of proteins), and also including small molecule 1den-
tification.

After the first report of electron capture dissociation
(ECD) using electrons with kinetic energy of O to 3 eV, other
clectron induced techniques have also been reported includ-
ing electron transfer dissociation (ETD) using reagent
anmions, Hot ECD using electrons with kinetic energy of 5 to
10 eV, electron 10onization dissociation (EID) using electrons
with kinetic energy of greater than 3 eV, activated 1ons ECD
(AI-ECD), electron detachment dissociation (EDD) using
clectrons with kinetic energy of greater than 3 €V, negative
ETD using reagent cations, and negative ECD using elec-
trons. ECD, ETD and Hot ECD have been developed for
positively charged precursor 1ons, while others have been
developed for negatively charged precursor ions. FID can
dissociate both polanties imncluding singly charged precur-
sors. These techmiques are very useful for bio molecular
species, such as peptides, proteins, glycans and post trans-
lationally modified peptides/proteins. ECD also allows top
down analysis of proteins/peptides and de-novo sequencing
of them. Proton transier reactions (PTR) can also be utilized
to reduce the charge state of i1ons in which a proton 1s
transferred from one charged species to another.

These electron induced dissociations are considered to be
complimentary to conventional collision induced or acti-
vated dissociations (CID or CAD) and have been incorpo-
rated 1n advanced MS devices. ETD 1s especially utilized in
these devices.

In ECD, low energy (typically <1 eV) electrons are
captured by positive 1ons. Historically, ECD was performed
in Fourier transform 10n cyclotron resonance (FT-ICR) mass
spectrometry because FT-ICR utilized a static electro-mag-
netic field for 1on confinement that avoided the heating of
free electrons. Such devices required relatively long inter-
actions times and involved large instruments that were

10

15

20

25

30

35

40

45

50

55

60

65

2

expensive to build. Attempts to use ECD 1n smaller appli-
cations mvolving Radio Frequency (RF) 10n traps have been

found to cause acceleration of electrons by the trapping RF
field. To overcome this, ETD and other electron induced
techniques have been used such as the use of negatively
charged reagent 1ons as the electron source, and the use of
ECD implemented in a linear RF 1on trap with a magnetic
field.

The usage of the term ECD 1n the present teachings
heremnafter should be understood to encompass all forms of
clectron related dissociation techniques and not limited to
only the usage of ECD with electrons with kinetic energy of
0 to 3 eV. The usage of ECD within the present teachings 1s
therefore representative and should be understood to include

all forms of electron related dissociation phenomenon
including hot ECD, FID, EDD and negative ECD.

The conventional use of ECD and E'TD to eflect 1oniza-
tion 1n a trapping device require relatively long reaction
times between precursor 10ns and reagent 1ons for dissocia-
tion, being electrons 1n case of ECD and anions i ETD.
When used with ETD, anion and cations should be trapped
simultaneously to obtain enough dissociation. The trapping
operation 1s required in the case of ECD, when the linear trap
1s used as a reaction device and the electron mjection and 10n
injection/extraction share the same ports (or the same end
lens electrodes). Trapping operations, which require mul-
tiple steps, have poor compatibility with conventional CID
based Quadrupole Time-oif-Flight mass spectrometers
(QTOF), which operate 1n a continuous tlow through man-
ner.

Parallel injection of electron beam and 1ons 1 an ECD
implementation 1n a linear 10n trap has been found to limait
the sensitivity of ECD (Anal. Chem., 2004, 76 (13), pp
4263-4266, herein incorporated by reference). Non-parallel
injection of electrons and 10ns has also been reported (Anal.
Chem., 2007, 79 (22), pp 8755-8761, herein incorporated by
reference) but suflers from electron bean disturbances 1n 10n
injection and ejection since electron beams interact with the
lens electrode of an RF 1on trap, producing an insulating
surface on the electrode which causes electrons to charge up
causing an uncontrollable change of focusing (lens) fields.
This causes unstable and unpredictable surface potential
change so that 10on 1njection and ejection became uncontrol-
lable

Transverse electron 1njections have been disclosed (U.S.
Pat. No. 6,995,366, WO11 028 450, both documents incor-
porated by reference herein), but these configurations sufler
from scattering of the electrons by the ion trap RF field
given. Multiple 1on pathway devices have also been dis-
closed that couple multiple 10n source pathways together to
an outlet to a mass spectrometer 1n a T shaped configuration,
however these are complicated and expensive to construct.

SUMMARY

In accordance with some broad teachings, methods and
apparatus of a cross 1on pathway type device for 10on reaction
1s disclosed.

In various embodiments, a crossed i1on pathway type
device for 10n trapping and electron 1njection 1s disclosed. In
this configuration, ion pathway and electron beam injection
are separated.

In various embodiments, an electron beam can be focused
by a set of a non-phase mverted and a phase inverted linear
RF fields with magnetic field. The traveling electrons can be
defocused by a coupling field of linear radio frequency

quadrupole (RFQ) and the magnetic field. The RF field
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phase can then be inverted during the travel so that the
clectrons, which were defocused, are focused again.

In various embodiments, a device 1s disclosed that avoids
unpredictable 10n motion deficiency by electron beam injec-
tion. In some embodiments, the electron beam 1s focused
which can improve reaction efliciency so filament life time
can be elongated by decreasing the filament current. In some
embodiments, continuous ECD or tlow through ECD can be
performed so that an optimum duty cycle for TOF measure-
ment 1s realized.

In various embodiments, a device 1s disclosed that mini-
mizes electron beam disturbance using a transverse electron
injection method. In some embodiments, a device 1s dis-
closed that utilizes a cross shaped 10n guide structure with a
magnetic field to allow for ECD reactions.

In various embodiments, a device 1s provided which
allows iline configuration. In some embodiments, a device
1s disclosed that avoids electron beam disturbance to 1on
injection and ejection.

In various embodiments, a device 1s provided that allows
ECD to function in a continuous/tflow through operation that
allows compatibility with conventional CID based pro-
cesses. In some embodiments, a device 1s disclosed that
enables other 1on operation techmques, such as ETD and
proton transfer reactions (P1TR) to operate mn a similar
fashion.

In various embodiments, a device 1s provided that can also
be utilized in PTR applications to enable charge control of
precursor 1ons and product 1ons by ECD, which can provide
high sensitivity and simple dissociation spectra that are easy
to analyze.

In various embodiments, a charged species can be intro-
duced into the device. In some embodiments, the charged
species 1s an electron that 1s produced by an electron source
which can be a filament (tungsten, thoriated tungsten and
others) or an electron emitter, including Y ,O, cathode.

In some embodiments, reaction apparatus for 1ons 1s
disclosed that includes a first pathway comprising a first
axial end and a second axial end disposed at a distance from
the first pathway axial end along a first central axis; a second
pathway comprising a first axial end and a second axial end
disposed at a distance from the first axial end of the second
pathway along a second central axis. The first and second
central axis are substantially orthogonal to one another and
meet at an intersection point. The reaction apparatus may
also include a first set of quadrupole electrodes arranged 1n
a quadrupole ornientation around the first central axis and
positioned between the first axial end of the first pathway
and the intersection point. The first set of electrodes guides
ions along a first portion of the first central axis. The
apparatus can also contain a second set of quadrupole
clectrodes arranged 1n a quadrupole orientation around the
first central axis and positioned between the second axial
end of the first pathway and the intersection point. The
second set of electrodes guides 10ons along a second portion
of the first central axis. The first and second set of electrodes
are separated from one another so as to form a gap transverse
to the first central axis. The reaction apparatus may also
contain a voltage source for providing an RF voltage to the
first and second sets of electrodes to generate an RF field, a
controller for controlling the RF voltages and an 10n source
and a charged species source. The 1on source 1s situated at
or proximate to either the first or second axial end of the first
pathway for introducing ions along the first central axis
towards the other of the first or second axial end of the first
pathway. The charged species source 1s situated at or proxi-
mate to either the first or second axial end of the second
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pathway for introducing a charged species along the second
central axis, the charged species travelling through said gap
towards the intersection point.

In some embodiments, methods for performing an elec-
tron capture dissociation reaction are described which can
include providing a first pathway comprising a first axial end
and a second axial end disposed at a distance from the first
pathway axial end along a first central axis, providing a
second pathway comprising a first axial end and a second
axial end disposed at a distance from the second pathway
axial end along a second central axis, positioning the first
and second central axis such that the first and second central
axis are substantially orthogonal to one another and having
an 1ntersection point, providing a first set of quadrupole
clectrodes arranged 1n a quadrupole orientation around the
first central axis and positioned between the first axial end of
the first pathway and the intersection point, the first set of
clectrodes for guiding 10ns along a first portion of the first
central axis, providing a second set of quadrupole electrodes
arranged 1n a quadrupole orientation around the first central
axis and positioned between the second axial end of the first
pathway and the intersection point, the second set of elec-
trodes for guiding 1ons along a second portion of the first
central axis, separating the first set of electrodes from the
second set of electrodes so as to form a gap transverse to the
first central axis, providing a magnetic field parallel to said
second central axis, providing RF voltages to said first and
second sets of electrodes, providing a controller for control-
ling the RF voltages so as to control the RF fields generated
by the first and second sets of electrodes, itroducing a
plurality of positively charged 1ons into either the first or
second axial end of the first pathway along the first central
axis; and introducing electrons into the first or second axial
end of the second pathway along the second central axis, the
clectrons travelling through said gap towards the intersec-
tion point

In some embodiments, the apparatus may comprise a
magnetic field generator that generates a magnetic field
parallel to and along the second central axis. In some
particular embodiments, the 10ns are positively charged and
the charged species are electrons. The electrons can be
generated from a filament, preferably tungsten or thonated
tungsten or can be generated from a YO, cathode. In other
embodiments, the charged species are reagent anions.

Other embodiments include the presence of a gate elec-
trode positioned 1n the first pathway at or proximate to the
end opposite of the first or second end at which the 1ons are
introduced. In yet other embodiments, a gate electrode may
be positioned at or proximate to both ends of the first
pathway. One of the gates electrodes for controlling the
entrance ol 1ons mnto the apparatus and the other gate
clectrode for controlling the removal of 1ons or reaction
products of the 1ons. Gate electrodes may also be situated at
or proximate to both the first or second ends of the second
pathway. In various embodiments, the apparatus can further
comprise a controller for controlling the gate electrodes.

Embodiments of the apparatus and method may also
include the use of or provision of lenses positioned in the
second pathway at or proximate to the first or second ends
for focusing of the charged species.

Select embodiments may include a laser source positioned
in the second pathway situated at or proximate the end
opposite the end in which the charged species 1s introduced.
In some embodiments, the laser source provides either
ultraviolet or iirared light.
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In some embodiments, both ends of the second pathway
comprise a charged species source, where the charged
species are electrons and only one of the sources 1s opera-
tional at a time.

In some embodiments, the 1ons interact with the charged
species source and the interaction can potential cause elec-
tron capture dissociation, electron transfer dissociation or
proton transier dissociation.

In select embodiments, the RF fields generated are at a

frequency of between about 400 kHz to 1.2 MHz, more
particularly, the frequency 1s about 800 kHz.

In several embodiments, the method includes providing a

gate electrode 1n the first pathway at or proximate to the end
that 1s opposite the end at which the positively charged ions
are introduced. In some embodiments, the gate electrode 1s
switchable between an open and closed positions wherein
when 1n an open positions, 10ns or products of 10n reactions
are allowed to pass and when 1n a closed positions, the 10ns
or products of 10on reactions are not allowed to pass. Such
methods can also include controlling the amount of time
when the gate 1s open and when the gate 1s closed. In some
embodiments, the gate 1s configured such that 1t 1s continu-
ously open.

In some embodiments, the method includes where the
clectrons are introduced via a filament, that 1s preferably
either a tungsten or thoriated tungsten filament or are
introduced with a Y,O, cathode

In some embodiments, the apparatus may include a con-
troller configured to deliver voltages to said electrodes such
that each electrode 1n said first plurality of electrodes 1s
paired with an electrode 1n said second plurality of elec-
trodes to form an electrode pair wherein each electrode in
cach electrode pair has the opposite polarity and 1s directly
opposite across the intersection point of the other electrode
in the electrode pair and whereby the RF fields generated
between said intersection point and said first axial end of
said second pathway by said first and second plurality of
clectrodes 1s 1n reverse phase to the RF fields generated
between said intersection point and said second axial end of
said second pathway.

In some embodiments, the electrons experience a delo-
cusing ellect as they approach said intersection point and a
focusing eflect once said electrons pass said intersection
point.

In various embodiments, the apparatus also comprises a
gate electrode at or disposed proximate to both the first and
second axial end of said second pathway.

In various embodiments, the second pathway comprises
lenses disposed at or proximate to said first or second axial
ends for focusing said charged species.

In various embodiments, the second pathway contains
disposed therein a laser source disposed at or proximate to
the axial end opposite of said end for introduction of said
charged species, said laser source for providing energy to
said 10ons or said charged species.

In various embodiments, the laser source provides ultra-
violet or infrared light.

In various embodiments, both of said axial ends of said
second pathway comprise a charged species source, where
only one of said charged species sources 1s operational at a
time.

In various embodiments, the 1ons interact with said
charged species.

In various embodiments, the interaction causes electron
capture dissociation, electron transfer dissociation or proton
transier dissociation.
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In various embodiments, a method for performing an 1on
reaction 1s disclosed including: providing a first pathway
comprising a {irst axial end and a second axial end disposed
at a distance from the first pathway axial end along a first
central axis; providing a second pathway comprising a {irst
axial end and a second axial end disposed at a distance from
the second pathway axial end along a second central axis;
said first and second central axis being substantially
orthogonal to one another and having an intersection point;
providing a first plurality of electrodes arranged in a mul-
tipole around said first central axis and disposed between
said first axial end and said intersection point, said elec-
trodes for guiding 1ons along a first portion of said first
central axis; providing a second plurality of electrodes
arranged 1n a multipole around said first central axis and
disposed between said second axial end and said intersection
point, said electrodes for gmiding 1ons along a second portion
of said first central axis; the first plurality of electrodes being
separated from the second plurality of electrodes so as to
form a gap transverse to said first central axis; providing a
magnetic field parallel to said second central axis; providing,
RF voltages to said first and second plurality of electrodes;
providing a controller for controlling the RF voltages so as
to control the RF fields generated by said first and second
plurality of electrodes; introducing a plurality of ions 1nto
either the first or second axial end of said first pathway along
said first central axis; and introducing a charged species 1nto
the first or second axial end of the second pathway along the
second central axis, said charged species travelling through
said gap towards said intersection point.

In various embodiments, the method further comprises:
providing a gate 1n or proximate to said first pathway at the
axial end that 1s opposite of said axial end wherein said 10ns
are 1mtroduced, said gate being switchable between an open
and closed position wherein when 1n an open position, said
ions or product of said ion reaction 1s allowed to pass and
when 1n a closed position, said 1ons or product of said 1on
reactions 1s not allowed to pass. In various embodiments, the
gate 1s open continuously.

In various embodiments, the method further comprises:
controlling the lengths of time when said gate 1s open and
when said gate 1s closed. In various embodiments, the ratio
between the length of time between said open and closed
positions 1s 8 milliseconds:2 milliseconds. In other embodi-
ments, the ratio between the length of time between said
open and closed positions 1s 3 milliseconds:7 milliseconds.

In various embodiments, the 1ons can be positively
charged, the charged species can be electrons.

In various embodiments, one or more than one of the
multipoles 1s a quadrupole.

In various embodiments, the method further comprises
providing lenses disposed at or proximate to either said first
or second axial ends of said second pathway for focusing
said charged species.

In various embodiments, the method further comprises
providing a laser source at or proximate to the axial end
opposite the axial end in which the charged species 1is
injected for providing energy to either said 1ons or charged
species. In various embodiments, the laser source 1s ultra-
violet or infrared.

In various embodiments, the 1ons interact with said
charged species and can cause electron capture dissociation,
clectron transfer dissociation or proton transier dissociation.
In various embodiments, the charged species 1s an anion.
In various embodiments, the 1ons are anions
In various embodiments, a device 1s disclosed that can
also be utilized to inject photons using for example, laser
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beams, which can provide complementary dissociation tech-
niques, such as UV photo dissociation and Infrared mul-

tiphoton dissociation (IRMPD).

In various embodiments, the electron beam may be turned
ofl when the product ions are being ejected from the ECD
devices when operating in continuous mode.

In various embodiments, the apparatus can operate in
semi or quasi-continuous mode.

In various embodiments, the RF frequencies applied to
the multipoles are 1n the range of 400 kHz to 1.2 MHz,
preferably the frequency 1s 800 kHz.

In various embodiments, a reaction apparatus for 10ns 1s
disclosed comprising: a first pathway comprising a {irst axial
end and a second axial end disposed at a distance from the
first pathway axial end along a first central axis; a second
pathway comprising a first axial end and a second axial end
disposed at a distance from the first axial end of the second
pathway along a second central axis; said first and second
central axis being substantially orthogonal to one another
and having an intersection point; a first set of quadrupole
clectrodes arranged 1n a quadrupole orientation around said
first central axis and disposed between said first axial end of
said first pathway and said intersection point, said first set of
clectrodes for guiding 1ons along a first portion of said first
central axis; a second set of quadrupole electrodes arranged
in a quadrupole orientation around said first central axis and
disposed between said second axial end of said first pathway
and said intersection point, said second set of electrodes for
guiding 1ons along a second portion of said first central axis;
the first set of electrodes being separated from the second set
of electrodes so as to form a gap transverse to said {first
central axis; a magnetic field generator that generates a
magnetic field parallel to and along said second central axis;
a voltage source for providing an RF voltage to said first and
second sets of electrodes to generate an RF field; a controller
for controlling said RF voltages; an 1on source disposed at
or proximate either the first or second axial end of said first
pathway for introducing 1ons along said first central axis
towards the other of said first or second axial end of the first
pathway; and a charged species source disposed at or
proximate either the first or second axial end of the second
pathway for itroducing a charged species along the second
central axis, said charged species travelling through said gap
towards said intersection point.

BRIEF DESCRIPTION OF TH.

L1

DRAWINGS

FIG. 1 depicts a schematic view of an implementation of
an embodiment of the invention

FIG. 2. depicts a cross sectional view 1n accordance with
an embodiment of the invention.

FIG. 3A depicts a cross sectional view of FIG. 2 along the
lines I-1

FIG. 3B depicts a cross sectional view of FIG. 2 along the
lines II-1I

FIG. 4 depicts a simplified side view of an example of
clectron 1njection 1n accordance with an embodiment of the
invention

FIG. 5 depicts a simplified side view of the focusing and
defocusing efli

ect of the electron beam i1n accordance with
one embodiment of the invention.

FIG. 6 depicts the mjection and trapping of 10ons into the
apparatus in accordance with one embodiment of the inven-
tion.

FI1G. 7 depicts the ejection of 1ons or reaction products of
an 1on reaction from the apparatus in accordance with an
embodiment of the invention.
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FIG. 8 depicts a continuous mode operation of an embodi-
ment of the invention where 1ons and electrons are continu-

ously injected and a stream of product 1on as a result of
ion-electron 1nteractions 1s continuously ejected.

FIG. 9 depicts a cross sectional view of an embodiment of
the invention 1llustrating the orientation of a magnetic field.

FIG. 10 depicts a cross sectional view of an embodiment
of the mvention.

FIG. 11 depicts another cross sectional view of an
embodiment of the invention.

FIG. 12 depicts a rear view of the embodiment show 1n
FIG. 11 showing one possible location of a magnet.

FIG. 13 depicts a cross-sectional view of an embodiment
of the invention showing the location of a series of magnets
in an embodiment of the mvention.

FIG. 14 depicts a cross-sectional view of another embodi-
ment of the mvention.

FIG. 15 depicts a schematic view of a circuit that can be
used to generate RF fields 1 accordance with an embodi-
ment of the mvention.

FIG. 16 depicts a mass spectrum ol doubly protonated
Substance P obtained in the continuous mode operation of an
apparatus in accordance with an embodiment of the 1inven-
tion.

FIGS. 17A and B depicts mass spectra of triply protonated
neurotensin obtained in the semi1 or quasi-continuous mode
of operation of an apparatus 1n accordance with an embodi-
ment of the ivention.

FIG. 18 depicts a view of an embodiment of the invention
showing the gap

FIG. 19 depicts a view of four electrodes of an embodi-
ment of the mvention.

DETAILED DESCRIPTION OF

EMBODIMENTS

Referring to FIG. 1 there 1s depicted a general schematic
diagram of an embodiment of the mnvention. An 10n reaction
cell 1 has as mputs a series of reactants being, 1ons 2 and a
charged species 3. Optionally, energy 1n the form of photons
or light 4 1s added. The light 4 can be obtained from a laser
source and 1s preferably eirther light 1n the ultraviolet or
inifrared spectrum. The 1ons 2 can be any 1on that 1s posi-
tively (cations) or negatively (anions) charged. The charged
species 3 can be electrons or 10ns that are either positively
or negatively charged. When the charged species are elec-
trons, the electron source can be a filament such as a
tungsten or thoriated tungsten filament or other electron
source such as a Y,O, cathode. In the reaction device, a
cooling gas, such as helium (He) and nitrogen (N, ) are filled.
The typical pressure of the cooling gas can be between 1077
to 10~ Torr.

The filament electron source 1s typically used because it
1s 1nexpensive but 1t 1s not as robust on oxygen residual gas.
Y,O, cathodes on the other hand are expensive electron
sources but are more robust on oxygen so 1t 1s useful for de
novo sequencing using radical-oxygen reaction. In opera-
tion, an electric current of 1 to 3 A 1s typically applied to heat
the electron source, which produces 1 to 10 W heat power.
A heat sink system of the electron source can be nstalled to
keep the temperature of a utilized magnet, 11 present, lower
than 1ts Curie temperature, at which the magnetization of
permanent magnet 1s lost. Other known methods of cooling
the magnet can also be utilized.

Inside the 1on reaction cell 1, the 1ons 2 and charged
species 3 together with the optional addition of photons 4 all
interact. Depending on the nature of reactants utilized, the
interaction can cause a number of phenomenon to occur
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which result 1n the formation of product ions 5 which can
then be extracted or ejected from the 1on reaction cell 1
together with potentially other unreacted 1ons 2 and/or
possibly charged species 3 as the circumstances dictate.

When the 1ons 2 are cations and the charged species 3 are
clectrons, the cations may capture the electrons and undergo
clectron capture dissociation 1 which the interaction
between 1ons 2 and charged species 3 results in the forma-
tion of product 1ons 5 which are fragments of the original
ions 2. When the 1ons 2 are cations and the charged species
3 1s an anion, the mteraction between the 1ons 2 and charged
species 3 can be electron transfer dissociation in which
clectrons are transierred from the charged species 3 to the
ions 2 which causes the 1ons 2 to fragment. The stream of
species ejected from the 10n reaction cell can consist of one
or more or a mixture of the 1ons 2 or the product 1ons 5 or
in some cases, the charged species 3.

In addition, for electron associated fragmentation, Hot
ECD, electron 1onization dissociation (EID), activated 1ons
ECD (AI-ECD), electron detachment dissociation (EDD),
negative ETD, and negative ECD can be implemented. For
ECD, ETD and Hot ECD can be implemented when the 10ns
2 are cations while EID can be used 1f the 1ons 2 are anions.
Proton transfer reactions can also be implemented if the
charged species 3 are selected approprately.

Now referring to FIG. 2, there 1s depicted a side view of
an 10n reaction apparatus 10 in accordance with an aspect of
an embodiment of the invention. Shown as a cut out cross
section, an outer cylindrical housing 29 and an inner cylin-
drical housing 30 surround a first pathway 11 having a {first
central axis 12 and a first axial end 13 and a second axial end
14. This pathway provides a path for 10ns 2 to enter into the
ion reaction apparatus 10. At each end of the first pathway
11 1s situated a gate electrode (15, 16). Gate electrode 15
allows 1ons 2 to enter into the apparatus 10 and gate
clectrode 16 controls the ejection of unreacted ions 2 or
product 1ons 5 from the apparatus 10. The gate electrodes
need not be situated directly at the axial end, and can be
situated just outside and proximate to the axial end. As
would be appreciated, due to the symmetrical nature of the
device, the direction of the 1ons can be reversed with 1ons 2
entering through gate electrode 16 and exiting through gate
clectrode 15 if surrounding 1on transport devices are con-
figured appropnately. The apparatus 10 comprises a first set
of quadrupole electrodes 17 mounted to the inner cylindrical
housing 30, the electrodes 17 being arranged around the first
central axis 12 in a quadrupole type arrangement. While
quadrupoles are specifically embodied here, any arrange-
ments of multipoles could also be utilized, including
hexapoles, octapoles, etc. In the figure, only two of the four
quadrupole electrodes are depicted, the other two electrodes
are directly behind the depicted electrodes. Of the two
clectrodes depicted 1n the quadrupole electrodes 17, the
clectrodes have opposite polarity. These first set of quadru-
pole electrodes 17 are connected to a RF voltage source and
controller (not shown) which serve to provide RF voltages
to the electrodes to generate an RF field which can guide the
ions 2 towards the first central axis 12, the midpoint of the
quadrupoles. A second set of quadrupole electrodes 18 (only
two being depicted, the other two being directly behind) also
being mounted to the inner cylindrical housing 30 is situated
at a slight distance away from the first set of quadrupole
clectrodes 17, the distance forming a mostly cylindrical
shaped gap 19 between the first set 17 and second set 18 of
clectrodes. The first 17 and second 18 quadrupole share the
same central axis 12 and the rods of the first set of quadru-
poles 17 are 1n line with the second set of quadrupoles 18.
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The mostly cylindrical shaped gap 1s more easily visualized
in FIG. 18 1n which the gap has been exaggerated. While
being depicted as a cylindrical shape, 1t would be appreci-
ated that the shape of this gap 1s not important, but rather that
there exists a gap between the first 17 and second 18 set of
quadrupoles. For example, this shape could also be
described as being a rectangular box shape, even though the
quadrupoles have the same configuration. This second set of
quadrupole electrodes 18 1s also attached to an RF voltage
source and controller (not shown) which serve to provide RF
voltages to the electrodes to generate an RF field which can
serve to guide 1ons 2, and/or product 1ons 35 towards the
central axis 12, the midpoint of the second set 18 of
quadrupole electrodes. The inner and outer cylindrical hous-
ing have a cut-out for insertion of a second pathway 20,
having a second central axis 21 which has a first axial end
22 and second axial end 23. This second pathway 20
provides a path for the transport of a charged species 3 nto
the apparatus 10. The first and second pathway are substan-
tially orthogonal to one another and meet at an 1ntersection
point 24, this mtersection point being along the first 12 and
second 21 central axis. More readily depicted in FIGS. 3A
and 3B, which are cross sectional views taken at lines I-1 and
II-1T of FIG. 2 respectively, each of the four electrodes 1n the
first set of quadrupole electrodes 17 can be paired with one
of the four electrodes 1n the second set of electrodes 18, such
as for example wherein each electrode (25a, 25b) 1n each
clectrode pair has the opposite polarnity and 1s directly
opposite across the intersection point of the other electrode
(256, 25a) 1n the clectrode pair, respectively. A similar
relationship exists for the electrode pair with electrodes
(264, 265). The same relationship applies to the two remain-
ing electrodes 1n the first set of electrodes 17 pairing with the
two remaining electrodes in the second set of electrodes 18.
This orientation of the electrodes results in the RF fields that
are generated between the itersection point 24 and the first
axial end 22 of the second pathway 20 to be 1n reverse phase
to the RF field generated between intersection point 24 and
second axial end 23 of second pathway 20. Because of this
configuration of the electrodes, no RF field 1s present on the
center axis 21. The first axial end 22 of the second pathway
20 contains or has proximate to 1t, an electron filament 27 to
be used to generate electrons for transmission into the
second pathway 20 towards the intersection point 24. The
first axial end 22 can also contain or have proximate to 1t, a
suitable electrode gate 28 to control the entrance of electrons
into the apparatus 10. A magnetic field source (not shown),
such as a permanent magnet 1s configured to implement a
magnetic field that 1s parallel to the second pathway 20. This
magnetic field 1s usetul when ECD, hot ECD, EID, EDD and
negative ECD are being implemented where the charged
species are electrons. When the charged species are reagent
anmions and include, for example the scenario where the
reaction taking place 1s an ETD reaction, the magnetic field
source and magnetic field are not needed. The presence of
the gap may lead to leakage of 10ns through the sides of the
cell 1n which the quadrupole RF field 1s weaker in the gap
areca. This can be mitigated by the usage of a blocking
clectrode which 1s typically a plate electrode positioned such
that 1t prevents this leakage. The blocking electrodes are
vertically aligned and spaced away from the electrodes. For
the purpose of allowing the depiction of the interior of
devices, such blocking electrodes are not depicted in the
accompanying figures, with the exception of n FIG. 14
where a blocking electrode and vain 578 are shown. As
would be understood, this blocking electrode 1s electrically
connected to a suitable voltage source.
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The RF frequencies applied to the quadrupoles are i the
range of around 400 kHz to 1.2 MHz, preferably the RF
frequency 1s around 800 kHz.

Now referring to FIG. 4, a depiction of another embodi-
ment 1n side view of the 10n reaction device 40 1s shown in
which only a charged species 3, specifically electrons are
injected. The 1on reaction device 40 contains a first pathway
41 having a first central axis 42, the pathway 41 has a {first
axial end 43 and a second axial end 44. At each end of the
first pathway 41 1s situated an electrode gate (45, 46) which
allows for the control of the entrance and ejection of 10ns
from the 10n reaction device 40. The apparatus 41 comprises
a first set of quadrupole electrodes 47, generally L-shaped.,
arranged around the first central axis 42. In the figure, only
two of the four quadrupole electrodes are depicted, the other
two electrodes are directly behind the depicted electrodes.
Of the two electrodes depicted 1n the quadrupole electrodes
47, the electrodes have opposite polarity. A second set of
quadrupole electrodes 48 (only two being depicted, the other
two being directly behind), also generally L-shaped 1s situ-
ated at a slight distance away from the first set of quadrupole
clectrodes 47, the distance forming a solid mostly cylindri-
cal shaped gap 49 between the first set 47 and second set 48
of electrodes. Of the two electrodes depicted 1n the quadru-
pole electrodes 48, the electrodes have opposite polarity.
The top depicted electrode in each of the first set 47 and
second set 48 of quadrupole electrodes are opposite 1n
polarity to one another. As would be understood by the
skilled person, the two electrodes not shown of each set of
quadrupole electrodes would have polarities consistent with
quadrupole electrode polarities, such as for example the
configuration shown 1 FIGS. 3A and 3B. A second pathway
50 has a second central axis 51 which has a first axial end
52 and second axial end 53. This second pathway provides
a path for the transport of a charged species nto the
apparatus 40. This orientation of the electrodes results 1n the
RF fields that are generated between the intersection point
(of the first pathway 41 and second pathway 350) and the first
axial end 52 of the second pathway 50 to be 1n reverse phase
to the RF field generated between the intersection point (of
the first pathway 41 and second pathway 50) and said second
axial end 53 of said second pathway 50. The first axial end
52 of the second pathway 50 contains or has situated
proximate to it, an electron filament 57 to be used to generate
clectrons 60 for transmission 1nto the second pathway 50.
The first axial end 52 can also contain or have situated near
and proximate to 1t, a suitable electrode gate 38 to control the
entrance of electrons 60 1nto the apparatus 40. Another gate
clectrode 59 1s present or situated proximate to the second
axial end 33 of the second pathway 50. A magnetic field
generator (not shown) 1s positioned and oriented 1n such a
way so as to create a magnetic field parallel to the second
pathway. The direction of the magnetic field can be either
from the first axial end 52 to the second axial end 53 or vice
versa. This magnetic field 1s useful when ECD, hot ECD,
EID, E ECD are being implemented where

EDD and negative
the charged species are electrons. When the charged species
are reagent anions and include, for example the scenario
where the reaction taking place 1s an ETD reaction, the
magnetic field source and magnetic field are not needed. A
ogrid 61 can be positioned to act as a gate to switch the
clectrons 60 near or proximate to the electron filament 57.
The RF fields causes the electrons 60 that are focused as they
enter the apparatus 40 to become defocused as they
approach the intersection point of the first pathway 41 and
second pathway 350. As the electrons 60 pass the intersection
point, the reverse in polarity of the RF fields causes the
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clectron 60 to become focused again. This creates a more
unmiform distribution of electrons normal to the first pathway
and increases the chances of 10n-electron interactions in the
apparatus 40 which can also result 1n better sensitivity. The
clectron beam creates a localized attractive potentlal

A clearer view of the electron defocusmg cilect 1s
depicted 1 FIG. § 1n which the apparatus 70 1s configured
in a similar fashion to the apparatus 40 with first set of
quadupole electrodes 71 and second set of quadrupole
clectrodes 72. FElectron lens having a +1V potential are
disposed at the entrance and exit of the electron beam path
which are used to assist 1in focusing of the electron beam.
Other parts are not repeated for brevity. The streams of
clectrons 60 1nto the apparatus 70 1s seen to defocus as they
approach the centre point 74, but are focused again as they
pass the centre point. A magnetic field (not shown) of 0.1 T
1s aligned to be parallel to and along the path of electron
direction. This magnetic field 1s useiul when ECD, hot ECD,
EID, E ECD are being implemented where

EDD and negative
the charged species are electrons. When the charged species
are reagent anions and include, for example the scenario
where the reaction taking place 1s an ETD reaction, the
magnetic field source and magnetic field are not needed. The
RF field 1s 100V peak to peak and the electron beam energy
1s 0.2 eV at the center.

FIGS. 6 and 7 depicts a side view of the 1on trap eflect
generated by an apparatus 100 in accordance with an
embodiment of the invention 1n a batch type manner. A first
pathway 101 comprising a first axial end 103 and a second
axial end 104 provides for a flow path of 10ns to be mjected
from the first axial end 103. A second pathway 110 also
comprising a {irst axial end 112 and a second axial end 113
provides a pathway for an electron beam that 1s generated by
a filament 114. One set of quadrupole electrodes 107 (only
two being depicted, the other two being directly behind)
attached to an appropriate set of RF voltages sources 1is
directed and serves to guide 1ons to a midpoint within the
quadrupole electrodes 107 to the central axis 102. A second
set ol quadrupole electrodes 108 (only two being depicted,
the other two being directly behind) 1s situated at a slight
distance away from the first set of quadrupole electrodes
107, the distance between the first 107 and second 108 set
of quadrupole electrodes forming a gap 109 between the sets
of electrodes. This second set of quadrupole electrodes 108
serves to guide 10ns to a midpoint between the quadrupole
clectrodes 108 to a central axis 102. Of the two electrodes
depicted 1n the quadrupole electrodes 107, the electrodes
have opposite polarity. Of the two electrodes depicted 1n the
quadrupole electrodes 108, the eclectrodes have opposite
polarity. The top depicted electrode 1n each of the first set
107 and second set 108 of quadrupole electrodes are oppo-
site 1n polarity to one another. As would be understood by
the skilled person, the two electrodes not shown of each set
of quadrupole electrodes would have polarities consistent
with quadrupole electrode polarities, such as for example the
configuration shown 1n FIGS. 3A and 3B. A magnetic field
generator (not shown) creates a magnetic field that 1s ori-
ented parallel to the direction of the second pathway and 1n
line with the second central axis 111. This magnetic field 1s
useiul when ECD, hot ECD, EID, EDD and negative ECD
are being implemented where the charged species are elec-
trons. When the charged species are reagent amons and
include, for example the scenario where the reaction taking
place 1s an ETD reaction, the magnetic field source and
magnetic field are not needed. Entrance gate electrode 103
and exit lens gate electrode 106 control the inflow and
outflow of 10ns into the apparatus 100. In this embodiment,
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entrance lens gate electrode 105 1s set at a potential which
allows the inflow of 10ons 1nto the apparatus 100, whereas the
exit lens gate electrode 106 has a high enough potential that
prevents the out flow of 1ons from the apparatus. The second
pathway also contains or has situated proximate to 1t, gate
clectrodes 115, 116 which are positively biased which pre-
vent the outflow of 1ons through the axial ends 112, 113 of
the second pathway 110. In this embodiment, the filament
114 1s imtially turned off as the 1ons are injected and no
charged species enters the apparatus 100 via the second
pathway 110. In this way, the apparatus 100 functions as an
ion trap where 1ons that are injected are accumulated at the
intersection point between the first 101 and second pathways
110. When suflicient 1ons have been accumulated, the poten-
tial of gating electrode 105 1s 1ncreased so as to prevent the
inflow of 1ons into the apparatus 100, thereby preventing the
entrance and exit of 1ons. Filament 114 can then be turned
on and the potential of gate electrode 115 can be reduced to
allow the 1 flow of electrons 117 into the apparatus 100.
Upon this, electrons may interact with the 1ons and undergo
ECD resulting in fragmentation into product ions. Once
suflicient fragmentation has occurred, the filament 114 can
be turned ofl, the potential of gate electrode 115 can be
increased and the potential of gate electrode 106 can be
lowered to allow the exit of product ions through the second
axial end 104 as depicted 1n FIG. 7. A cooling gas, such as
for example helium or nitrogen gas may be mtroduced 1n the
device 100 to obtain more eflicient trapping. Fach of the
clectrodes from the first 107 and second 108 quadrupole has
a first portion of the electrode which 1s substantially oriented
parallel to the first central axis 102 whereas the second
portion 1s substantially oriented parallel to the second central
axis. As each portion of each electrode has the same polarity
for a given electrode, the electrodes collectively can act as
a trap directing the 1ons to both the central axis 102 and the
central axis 111. In this manner, the apparatus 100 acts as a
two-dimensional trap, or more precisely, a linear trap 1 two
directions. Though depicted 1n FIG. 6 as having a smooth
rounded transition between the first portion and the second
portion, other configurations such as sharp corners can also
be utilized. Listed below each apparatus in FIGS. 6 and 7 are
graphs of spatial potentials for positive 1ons in the horizontal
direction 1n the apparatus along the central axis 102. In FIG.
6, the potential at the entrance 1s approximately equal to that
of the incoming 1solated 10ns and therefor allows 10ns to pass
through to enter the apparatus, the potential present at the
exit 1s higher than that of the isolated 1ons entering the
apparatus and therefore the 10ns do not exit through the right
of the apparatus and become trapped. In FIG. 7, the entrance
potential 1s higher thereby preventing the 10ons from exiting,
back through the entrance, whereas the potential 1n the exit
1s lower than that of the product 10ns, thereby allowing the
ions to leave the apparatus.

FIG. 8 depicts a side view of the operation of apparatus
100 1n a semi-continuous mode 1n which 1ons continuously
enter through gate 1035 and electrons 117 enter continuously
through gate 115. The interactions between 1ons and elec-
trons 117 can cause ECD which results 1n fragmentation and
the formation of product ions. These product 1ons as well as
unreacted 10ns are extracted from the apparatus through gate
clectrode 106 1n a semi-continuous fashion in which the gate
clectrode 106 switches between an open and closed position.
When 1n a closed position, the potential located in the gate
clectrode 1s higher than that of the 10ns contained within 1n
the apparatus, thereby causing 1ons to accumulate and allow
increased residence and reaction time so that an ECD
reaction can take place. When 1ons are to be extracted, the
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gate electrode 106 1s opened by lowering the potential 1n the
gate allowing the product 10ons to be removed. Listed below
the apparatus 100 1n FIG. 8 1s a horizontal spatial represen-
tation of the potential for positive 1ons which show the exit
potential oscillating between a high potential and a low
potential which represents closed and opened positions of
the gate 106.

Now referring to FIG. 9, the apparatus 200 1n accordance
with an embodiment of the invention 1s depicted 1n side view
inserted 1n series 1 between two quadrupole filters. Qua-
drupole filter Q1 having quadrupole rods 218 1s situated
upstream of the apparatus 200 and serves to trap/guide/etc.
ions and provides a source of 1ons at the entrance of the
apparatus 200. Quadrupole Q2, having quadrupole rods 219
1s situated downstream of the apparatus 200 can serve to
receive product 1ons and unreacted ions and either trap/
guide/etc. 1n the quadrupole for further analysis or process-
ing. The apparatus 1s similar to the apparatus described
previously and will not be described in detail for brevity. The
apparatus 200 has first pathway 201 and second pathway
210. The apparatus 200 contains two filaments, each one
disposed at either the first axial end 212 or second axial end
213 of the second pathway 210. This configuration allows
for the independent operation of the filaments so that 1f one
filament 1s being used and suddenly becomes inoperative,
the other filament can then be used as a spare and activated
such that there 1s no or minimal downtime. While specifi-
cally exemplifying the use of additional quadrupoles, it
would be appreciated that other types of devices can be
situated either before or after the apparatus 1n accordance
with the present teachings. For example, the devices can
include various 1on guides, filters, traps, 1on mobility
devices, including differential mobility and field-asymmet-
ric 1on mobility spectrometers and other mass spectrometer
devices such as Time-of-Flight mass spectrometers.

Now referring to FIGS. 10 and 11, another embodiment of
apparatus 300 1s depicted. FIG. 11 shows as a partial cut out
cross section, an inner cylindrical housing 318 and outer
semi-cylindrical housing 319 which surround a first pathway
301 having a first central axis 302 and also having a first
axial end 303 and a second axial end 304. This pathway 301
provides a path for i1ons to enter into the 1on reaction
apparatus 300. At each end of the pathway 301 1s situated an
clectrode gate (305, 306). Electrode gate 305 allows 1ons to
enter 1nto the apparatus 300 and electrode gate 306 controls
the ejection of 10ns or product ions or unreacted 10ns from
the apparatus 300. The apparatus 300 comprises a first set of
quadrupole electrodes 307 mounted to the mnner cylindrical
housing 318, the electrodes 307 being arranged around the
first central axis 302. In the figure, only two of the four
quadrupole electrodes are depicted, the other two electrodes
are directly behind the depicted electrodes. Of the two
clectrodes depicted 1n the quadrupole electrodes 307, the
clectrodes have opposite polarity. These first set of quadru-
pole electrodes 307 are attached to a RF voltage source and
controller (not shown) which serve to generate RF fields that
can guide the 1ons to the first central axis 302, the midpoint
of the quadrupoles 307. A second set of quadrupole elec-
trodes 308 (only two being depicted 1n FIG. 11, the other two
being directly behind and more readily depicted 1n FI1G. 10)
also being mounted to the mner cylindrical housing 318 1s
situated at a slight distance away from the first set of
quadrupole electrodes 307, the distance forming a gap 309
between the first set 307 and second set 308 of electrodes.
This second set of quadrupole electrodes 308 1s also con-
nected to a suitable RF voltage source whose purpose 1s to
generate an RF filed that can serve to guide ions and/or
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product 1ons towards the central axis 302, the midpoint of
the second set 308 of quadrupole electrodes. The 1nner 318
and outer cylindrical housing 319 have a cut-out 1nto which
a filament housing 320 can be inserted. This cut-out allows
for the establishment of a second pathway 310, having a
second central axis 311 which has a first axial end 312 and
second axial end 313. This second pathway 310 provides a
path for the transport of electrons into the apparatus 300. The
first 301 and second pathway 310 are substantially orthogo-
nal to one another and meet at an intersection point 24. The
configuration and polarity of the electrodes 1s more readily
seen 1n FIG. 10. Filament housings 320 are disposed at or
proximate the first axial end and second axial end that
contain suitable apertures 315 for tlow of electrons. Con-
tained within the housings 1s a filament 314 for generating
clectrons. A magnetic field 1s generated by magnet 322 that
1s parallel and in line with the central axis 311 of the second
pathway 310. This magnetic field 1s usetful when ECD, hot
ECD, EID, EDD and negative ECD are being implemented
where the charged species are electrons. When the charged
species are reagent amons and include, for example the
scenar1o where the reaction taking place 1s an E'TD reaction,
the magnetic field source and magnetic field are not needed.

In another embodiment, one of the two electron filament
housings can be removed and replaced with a vacuum view
port. An infrared laser can then be mounted to inject intrared
light 1n a direction opposite to the entering electrons. The IR
laser 1s used to heat the precursor 1ons or product 10ns to get
better dissociation efliciency. In another embodiment, the IR
laser can be replaced with a UV laser. The UV laser can be
used for photo dissociation of the precursor ions. This
alternative dissociation technique provides complementary
information of ion structure.

In yet another embodiment, one or both of the electron
sources 1n the apparatus can be replaced with an 10n source,
preferably an anion source. Such an embodiment 1s usetul
for 10on-10n reactions 1 which E'TD and PTR can be per-
formed.

FIG. 12 depicts a back side view of an apparatus 400
representative of the embodiments shown 1n FIG. 10 having,
an outer cylindrical housing 419, a tlow path for the first
pathway 401 and another tlow path for the second pathway
410. Filament housings 420 are inserted into apertures in the
cylindrical housing 419. A permanent magnet 422 creates a
magnetic field parallel to and i line with the second
pathway 410. The magnetic field can also be generated by
any other magnetic field generating source and can also
include an electromagnetic, a neodymium magnet or the like
that functions to generate a field parallel to and in line with
the central axis of the second pathway. The magnetic flux
density can be any density able to implement the magnetic
field to cause focusing of the electron beam and can range,
for example, up to 1.5 T or higher, but preferably about 0.1
to 1.0 T. Magnets with higher density can be positioned
turther away from the electrode patr.

FIG. 13 depicts a cross sectional view of an embodiment
ol an apparatus 500 similar to the apparatus 300 depicted 1n
FIGS. 10 and 11. The apparatus 500 1s depicted with a
differently shaped bottom two electrodes 550 of each set of
quadrupoles. The bottom two electrodes have a notch or
detent 551 into which magnets can be situated. Other
differences 1nclude the location of the magnetic sources 522
and the addition of optional vanes 552. The placement of
these magnets 522 creates a magnetic field parallel to the
direction of electron flow similar to the fields described 1n
the previously discussed embodiments. The electrodes can
encompass any number of possible shapes. Conventional
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multipole electrode shapes including cylindrical rods are
within the scope of the present teachings as well as other
shapes known 1n the art such as those with hyperbolic cross
sections. The vanes 3352 assist 1n controlling the 10n position
in the 10n 1njection pathway line. When positive bias 1s
applied to the vanes 552 through appropriate means, the 10ns
are preferentially trapped in the charged species path to
allow for a better 1on-charged species interaction.

FIG. 14 depicts a cross section view of yet another
embodiment of an apparatus 575 similar to apparatus 300
depicted 1n FIGS. 10 and 11. In this embodiment, neo-
dymium magnet 576 with return yoke 577 1s utilized to
generate a magnetic field and blocking electrode plate and
vanes 578 are mounted accordingly to cylindrical housing
579, with other elements being similarly arranged to the
previously described embodiments.

FIG. 15 depicts an example of an RF circuit 600 that can
be used to generate radial trapping RF fields 1n one of both
of the sets of quadrupoles described 1n an example of an
embodiment. The one set of the quadrupole electrodes 604
1s split 1nto two pairs of electrodes, one pair of electrodes
605 having an opposite polarity to the other pair of elec-
trodes 606. The circuit comprises a generator 601, a primary
transformer 602, a secondary transtormer 603 and capacitors
607.

In various embodiments, electron control optics and 1on
control optics are completely separated, so independent
operations on both charged particles are possible. For elec-
trons, electron energy can be controlled by the potential
difference between the electron source and the intersection
point between the 1on pathway and the charged species
pathway. The charged species pathway can be controlled in
an ON/OFF fashion by use of a gate electrode. Lens can be
positioned at or proximate either axial end of the second
pathway and when positively biased, cause the charged
species, when such species are electrons, to focus. Ions
which are introduced through the other pathway are stable
near theses lens since they are biased positively.

In another aspect of an embodiment, 11 EDD application
1s required when the 10ns are negative and the electron beam
has energy of about 10 €V, the polanty of lens electrodes and
gate should be mnverted.

The present teachings may also be extended to the intro-
duction of a third pathway. The third pathway 1s orthogonal
to each of the first and second pathways. Such a pathway
would be visualized 1n for example, FIG. 2, as a pathway
that 1s coming out of the figure towards the viewer. This third
pathway has first and second ends and a central axis, the
central axis being orthogonal to the first and second central
axis of the first and second pathways, respectively and
meeting at the intersection point. The third pathway can
allow the introduction of and i1s configured in a similar
fashion to the second pathway and its purpose can be to
provide reactants such as charged species (anions, cations or
clectrons, etc.) or energy in the form of photons including
infrared or ultraviolet light into the reaction cell. For
example, each end of the third pathway may comprise or
have situated proximate to 1it, an electron filament housings
from which electrons may be generated and directed through
the third pathway from the end towards the intersection
point. The third pathway may also have situated at each or
both ends, appropriate gating electrodes attached to suitable
RF voltages that prevent the exit of 10ns from the ends of the
third pathway. Appropriate grids may also be positioned at
or proximate the electron filament to function as gates to
switch on or ofl the electron source to control the entrance
of electrons into the 10n path. In this type of configuration,
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three or four electron sources are therefore approprately
mounted around the first pathway and each can be used

separately to introduce electrons into the reaction cell. As
would be understood, the magnetic field generator would
need to be modified or repositioned 1n such a manner to
allow for the aligning of the magnetic field along the central
axis of the pathway being utilized at any given moment 1n
time. In other embodiments, one or more of the electron
sources can be replaced with a suitable vacuum view port
into which a light source, including a laser source may be
mounted. The light/laser source may comprise an IR or UV
laser.

When used 1n a three pathway configuration, each of the
quadrupole electrodes can be modified such that the elec-
trodes comprise three portions, each of the portions com-
prising a finger that 1s substantially parallel to one of the
first, second or third pathway, with the three fingers being
substantially orthogonal to one another. In another embodi-
ment, the three fingers are three circular rods which meet
together at a corner, such as that depicted mn FIG. 19 in
which two electrodes of each of the first and second set of
quadrupoles 1s depicted. As would be appreciated for a three
pathway configuration, the other two electrodes for each of
the first and second set of quadrupoles would generally be
L-shaped comprising only two fingers.

In other embodiments, the three pathway configuration
can be extended to a four pathway configuration in which the
L-shaped electrodes are replaced with another set of three
fingered electrodes. In this manner, four three-fingered elec-
trodes would be additionally present that would mairror the
tour electrodes already depicted in FIG. 19. Such a configu-
ration would provide four pathways for introduction of
reactants or energy to the cell.

In another embodiment, the electron gate may be closed
or the electron beam generating the electrons may be turned
ofl when the product 10ns and other 1ons are being ejected
from the apparatus.

EXAMPLES

Continuous Mode

In a continuous mode operation, a stream ol 10ns 1s
introduced continuously into the reaction apparatus at one
end and electrons are introduced into the reaction apparatus
in a stream that i1s orthogonal to the stream of 10ns. Gates
situated at the entrance and exit of both the ion pathway and
the electron pathway are continuously open. Upon 1nterac-
tion of the 1ons with the electrons, some of the 1ons undergo
ECD and fragment. The product 1ons which include the
fragmented portions, as well as unfragmented portions are
then continuously extracted from the reaction apparatus to
be subsequently processed and analyzed using an 1on detec-
tor. FIG. 16 depicts a mass spectra obtained from such a
mode ol operation for the neuropeptide Substance P in
which the peak at about 675 Da represents the original
doubly charged uniragmented 1on.
Semi-Continuous Mode
Neurotensin

In a semi-continuous mode, the apparatus 1s configured in
a fashion such that the entrance gate of the 1on pathway 1s
continuously open, whereas the exit gate of the 1on pathway
switches between an open and closed position. The entrance
gate for the electron pathway can be opened continuously.
When the exit gate of the 10n pathway i1s 1n a closed position,
ions are unable to exit the apparatus through the exit gate
and an accumulation of 1ons takes place within the appara-
tus. Electrons which are continuously entering the apparatus
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orthogonally to the mmcoming 10on stream interact with the
ions as they accumulate, some of the 1ons undergoing ECD
to fragment. Once a sullicient amount of time has passed, the
exit gate of the 1on pathway i1s then opened to allow a
removal of the product 1ons and unreacted 1ons that have
accumulated. These exiting 1ons can then be further pro-
cessed and/or manipulated 1n subsequent stages and/or ana-
lyzed using an 1on detector. FIGS. 17a and 175 depict mass
spectra obtained from neurotensin and demonstrates that
increasing the length of time in which the exit gate of the 10on
pathway 1s closed increases the chances that accumulated
ions within the apparatus will undergo ECD. FIG. 17q
depicts the mass spectra obtained from 1ons received from
an apparatus i accordance with the present teachings in
which the exit gate of the 10n pathway switches between an
open and closed position 1n which the gate 1s closed for 2 ms
and then opened for 8 ms. In FIG. 17b, a mass spectra 1s
depicted 1n which the exit gate 1s closed for 7 ms and 1s open
for 3 ms. In the settings utilized in FIG. 175, the 1ons are
allowed to accumulate for a longer period of time than 1n the
settings utilized 1n FIG. 17a and as a result, more fragmen-
tation of the 1ons can be seen as 1s evidenced by the ratio of
the unreacted precursor ions peaks (at about 338 Da) to the
fragmented product 10mns.

When the product exit lens was closed for a few milli-
second during simultaneous injection of the electron beam
and the precursor 10ns, fragment signals were found to be
enhanced significantly with an ECD efliciency >60% 1n
some cases. This adapted semi1 or pseudo tlow-through mode
also produced more fragments than a conventional trapping
mode (entrance and exit lenses closed).

BSA

BSA digested by trypsin and by Lys C were mjected onto
a reversed phase C18 UPLC-ESI, where the acetomtrile
concentration of the mobile phase was scanned from 2% to
40% for 10 min. As a data dependent acquisition condition,
the five most intense peaks were selected for each survey
MS scan. Spectrum accumulation was 0.2 sec, so five ECD
spectra were obtaimned per second. This ECD technique
provided sequence coverages of 85% (Lys C) and 75%
(trypsin). For more detail, electron capture efliciency and
dissociation efliciency in pseudo flow-through mode was
examined using LC-ECD MS with single charge state selec-
tion. No significant differences between the amount of
residual charge reduced precursor 10ons on different charge
states ([M+2H]*, [M+3H]** and [M+4H] ") were noted,
although the electron capture efficiency for [M+2H]** pre-
cursors was half that of [M+3H]’* and [M+4H]** precursors
(~40% for 2+; 80% for 3+ and 4+). More importantly, even
though the ECD efliciency for the doubly protonated cases
was relatively low, the obtamned ECD spectra were still
provided clear ECD product peaks in the mass spectra.
Batch Mode

In batch mode, the apparatus 1s utilized 1n a manner 1n
which the entrance and exit gates are operated 1n a fashion
to allow 10ons 1nto the apparatus 1n a non-continuous mode.
Entrance gate of the 1on pathway 1s open and exit gate of the
ion pathway 1s closed and 1ons are transmitted through the
entrance gate into the apparatus. During this time period,
entrance gate of the electron pathway 1s closed. Once
suflicient 1ons are accumulated within the apparatus, the
entrance gate of the 1on pathway 1s closed and entrance gate
to the electron pathway 1s opened allowing electrons to enter
into the apparatus where they can interact with the accumu-
lated 1ons and cause ECD to fragment the ions. Once a
suflicient period of time has passed for reaction, the electron
entrance gate can be closed or the electron beam turned off
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and the exit gate of the 1on pathway 1s opened to allow
extraction of the fragmented product ions or unreacted
precursor ions which can then be further processed and/or
manipulated and/or analyzed using an 1on detector. The
duration of time 1 which the 1on exit gate 1s closed and 1n 5
which the interaction between 1on and electron can be
pre-determined as a function of the charge state of the
original precursor 1ons, or can set manually based on expe-
rience.

It should be appreciated that numerous changes can be 10
made to the disclosed embodiments without departing from
the scope of the present teachings. While the foregoing
figures and examples refer to specific elements, this 1s
intended to be by way of example and illustration only and
not by way of limitation. It should be appreciated by the 15
person skilled 1n the art that various changes can be made in
form and details to the disclosed embodiments without
departing from the scope of the teachings encompassed by
the appended claims.

The invention claimed 1s: 20

1. A reaction apparatus for 1ons comprising:

a first pathway comprising a first axial end and a second
axial end disposed at a distance from the first pathway
axial end along a first central axis;

a second pathway comprising a first axial end and a 25
second axial end disposed at a distance from the first
axial end of the second pathway along a second central
axis;

said first and second central axis being substantially
orthogonal to one another and having an intersection 30
point;

a first set of quadrupole electrodes arranged 1n a quadru-
pole orientation around said first central axis and dis-
posed between said first axial end of said first pathway
and said intersection point, said first set of electrodes 35
for guiding 10ns along a first portion of said first central
axis;

a second set of quadrupole electrodes arranged 1n a
quadrupole orientation around said first central axis and
disposed between said second axial end of said first 40
pathway and said intersection point, said second set of
clectrodes for guiding 1ons along a second portion of
said first central axis;
the first set of electrodes being separated from the

second set of electrodes so as to form a gap trans- 45
verse to said first central axis;

a voltage source for providing an RF voltage to said first
and second sets of electrodes to generate an RF field;

a controller for controlling said RF voltages;

an 10n source disposed at or proximate either the first or 50
second axial end of said first pathway configured to
introduce 1ons along said first central axis towards the
other of said first or second axial end of the first
pathway; and

a charged species source disposed at or proximate either 55
the first or second axial end of the second pathway
configured to introduce a charged species along the
second central axis, said charged species travelling
through said gap towards said intersection point,

wherein said controller 1s configured to deliver RF volt- 60
ages to said electrodes such that each electrode in said
first plurality of electrodes 1s paired with an electrode
in said second plurality of electrodes to form an elec-
trode pair wherein each electrode 1n each electrode pair
has opposite RF polarity and 1s directly opposite across 65
the intersection point of the other electrode in the
clectrode pair and wherein the RF fields generated
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between said intersection point and said first axial end
of said second pathway by said first and second plu-
rality of electrodes 1s 1n reverse phase to the RF fields
generated between said itersection point and said
second axial end of said second pathway;

a magnetic field generator that generates a magnetic field

parallel to and along said second central axis;
wherein said 10ns are cations and said charged species are
electrons:

and wherein, 1n operation, said cations and electrons react

at said intersection point.

2. The apparatus of claim 1 wherein said charged species
source 1s a fillament or a Y,O; cathode and optionally
wherein the filament 1s a tungsten or thoriated tungsten
filament.

3. The apparatus of claam 1 wherein said first pathway
comprises a gate disposed or proximate to the axial end
opposite of said first or second axial end at which said 10ns
are itroduced.

4. The apparatus of claim 1 wherein said first pathway
comprises a gate disposed at or proximate to each of both
said first and second axial ends wherein one of said gates 1s
for controlling the introduction of said ions and the other of
said gates 1s for controlling the removal of said 10ons or the
reaction products of said 10ns.

5. The apparatus of claim 1 wherein said apparatus also
comprises a gate electrode disposed at or proximate to each
of both the first and second axial ends of said second
pathway.

6. The apparatus of claim 1 wherein said second pathway
comprises lenses disposed at or proximate to said first or
second axial ends for focusing said charged species.

7. The apparatus of claim 1 wherein said second pathway
comprises a laser source disposed at or proximate to the
axial end opposite of said end for introduction of said
charged species, said laser source for providing energy to
said 1ons or said charged species.

8. The apparatus of claim 7 wherein said laser source
provides ultraviolet or infrared light.

9. The apparatus of claam 1 wherein both of said axial
ends of said second pathway comprise a charged species
source and said charged species are electrons and wherein
only one of said charged species sources 1s operational at a
time.

10. The apparatus of claim 1 wherein said ions interact
with said charged species and optionally wherein the inter-
action causes electron capture dissociation, electron transfer
dissociation or proton transfer dissociation.

11. The apparatus of claim 1 wherein the RF fields
generated are at a frequency of between about 400 kHz to
1.2 MHz.

12. The apparatus of claim 11 wherein the frequency 1s
about 800 kHz.

13. A method for performing an electron capture disso-
ciation reaction comprising:

providing a first pathway comprising a first axial end and

a second axial end disposed at a distance from the first
pathway axial end along a first central axis;
providing a second pathway comprising a first axial end
and a second axial end disposed at a distance from the
second pathway axial end along a second central axis;
positioning said first and second central axis such that the
first and second central axis are substantially orthogo-
nal to one another and having an intersection point;
providing a first set ol quadrupole electrodes arranged 1n
a quadrupole orientation around said first central axis
and disposed between said first axial end of said first




US 10,014,166 B2

21

pathway and said intersection point, said first set of
clectrodes configured to guide 1ons along a first portion
of said first central axis;

providing a second set of quadrupole electrodes arranged

in a quadrupole orientation around said first central axis
and disposed between said second axial end of said first
pathway and said intersection point, said second set of
clectrodes configured to guide 10ons along a second
portion of said first central axis;

the first set of electrodes being separated from the second

set of electrodes so as to form a gap transverse to said
first central axis;

providing a magnetic field parallel to said second central

axis;

providing RF voltages to said first and second sets of

electrodes:

providing a controller for controlling the RF voltages so

as to control the RF fields generated by said first and
second sets of electrodes and wherein said controller 1s
configured to deliver RF voltages to said electrodes
such that each electrode 1n said first plurality of elec-
trodes 1s paired with an electrode 1n said second plu-
rality of electrodes to form an electrode pair wherein
cach electrode 1n each electrode pair has opposite RF
polarity and 1s directly opposite across the intersection
point of the other electrode 1n the electrode pair and
wherein the RF fields generated between said intersec-
tion pomnt and said first axial end of said second
pathway by said first and second plurality of electrodes
1s 1n reverse phase to the RF fields generated between
said intersection point and said second axial end of said
second pathway;
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introducing a plurality of positively charged 1ons into
either the first or second axial end of said first pathway
along said first central axis; and

introducing electrons 1nto the first or second axial end of

the second pathway along the second central axis, said
clectrons travelling through said gap towards said inter-
section point

and reacting said positively charged 1ons with said elec-

trons at said intersection point.

14. The method of claim 13 further comprising:

providing a gate 1n said first pathway at or proximate to

the axial end that 1s opposite of said axial end wherein
said positively charged ions are introduced, said gate
being switchable between an open and closed position
wherein when 1n an open position, said ions or product
of said 10n reaction 1s allowed to pass and when 1n a
closed position, said 1ons or product of said 10n reac-
tions 1s not allowed to pass.

15. The method of claim 14 wherein said gate 1s open
continuously.

16. The method of claim 14 further comprising:

controlling the lengths of time when said gate 1s open and

when said gate 15 closed.

17. The method of claim 13 wherein said electrons are
introduced via a filament or a Y,O, cathode and optionally
that the filament 1s a tungsten or thonated tungsten filament.

18. The method of claim 13 further comprising providing
lenses disposed at or proximate to either said first or second
axial ends of said second pathway for focusing said posi-
tively charged species.
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